Introduction
Oleanoic acid (OA) and ursolic acid (UA) are main triterpenoid acids ( Table 1) that exist in many plants as dietary and medicine sources. 1 These two triterpenoid acids are abundant in Chaenomelis Fructus, 2, 3 which is widely used as a traditional Chinese medicine for dysentery, backache and hepatopathy. 4 It has been confirmed that OA and UA have a wide range of bioactivities [5] [6] [7] and several analytical methods have been reported for the analysis of OA and UA, including thin-layer chromatography (TLC), gas chromatography (GC), capillary electrophoresis (CE) and high-performance liquid chromatography (HPLC). 8, 9 However, most of these methods are carried out with derivatization and a long analysis time with low resolution or sensitivity. 9 In addition, the conventional sample pretreatment usually requires a large consumption of hazardous organic solvents and labor, which is not only uneconomical and time-consuming, but also leads to the sample losing or decomposing during sample pretreatment. Therefore, in order to ensure efficient analysis, it is necessary to establish a rapid and convenient method for the quantitative determination of OA and UA in Chaenomelis Fructus.
Supercritical fluid chromatography (SFC) is a powerful separation technique by using the supercritical fluid (SCF) as a mobile phase. Nowadays, supercritical carbon dioxide (SC-CO2) is used as a common supercritical solvent. 10 Due to the low viscosity, high diffusivity and high solvating power of SC-CO2, SFC generally has a higher column efficiency, better selectivity and shorter analysis time than the traditional GC and HPLC. 11 Supercritical fluid extraction (SFE) is an environmentally friendly extraction technology that greatly simplifies sample pretreatment. Compared with other extraction methods, SFE requires a less amount of solvents and a shorter extraction time. Moreover, SFE is suitable for thermally and oxidation sensitive compounds, which require mild extraction conditions. 12 SFC and SFE have been widely utilized to separate a variety of natural and pharmaceutical products, including lipids, vitamins, alkaloids, saponins and triterpenoids. [13] [14] [15] [16] [17] [18] [19] [20] In view of the advantages of SFE and SFC in extraction and analysis, SFE coupled with SFC (SFE-SFC) is considered to be an efficient and green alternative compared to conventional analytical technologies. 21, 22 SFE and SFC can be directly connected and the efficiency extraction and separation can be carried out simultaneously. Unfortunately, even though the coupling SFE-SFC has been studied for more than 20 years, this approach has not been widely used due to the complex operation and the unstable extracts trapping apparatus. Andrea et al.
In this study, we have developed an on-line SFE-SFC system for the rapid determination of OA and UA in Chaenomelis Fructus. We comprehensively investigated the optimal method parameters for the determination of OA and UA. This SFE-SFC method has also been validated and compared with conventional HPLC analysis.
Experimental

Materials and reagents
The reference compounds of oleanoic acid and ursolic acid were purchased from Chengdu Must Bio-Technology Co., Ltd. (Chengdu, China). The dried fruits of Chaenomelis Fructus were obtained from Tongrentang Chinese Medicine (Beijing, China) and authenticated by Prof. Hong Wang, Department of Natural Medicines, Peking University. A voucher specimen (ZXT-1611) was deposited at the Herbarium of School of Pharmaceutical Sciences, Peking University (Beijing, China).
Methanol, ethanol, isopropanol, acetonitrile (Merck, Darmstadt, Germany), trimethylamine, formic acid and acetic acid (Sigma-Aldrich, MO, USA) were of HPLC grade. The SFC-grade carbon dioxide (CO2, purity >99.99%) was purchased from Beijing Green-oxy Tiangang Technology Development Co., Ltd. (Beijing, China). Nexera UC extraction dispersant was provided by Shimadzu (Tokyo, Japan). Purified water was prepared using a Milli-Q water purification system (Millipore, MA, USA).
Preparation of sample and standard solutions
The dried fruits of Chaenomelis Fructus were finely crushed and passed through different mesh sieves (80, 120, 160 and 200). Approx. 20 mg of two reference compounds were, accurately weighted, dissolved in methanol to produce a mixed standard stock solution (5 mg/mL for each compound). Then, 0.5 g crude drug powder (120 mesh) was, accurately weighted, extracted with 25 mL methanol in an ultrasonic water bath for 20 min, and then filtered to produce sample solution of organic solvent extraction. The sample powder and solutions stored at 4 C. The above solutions were filtered through 0.22 μm membranes before use.
Analytical columns
Separations were carried out on the following columns (GL Sciences, Tokyo, Japan): Sil Shim-pack UC-X Sil (2.1 × 150 mm, 3 μm); Diol Shim-pack UC-X Diol (4.6 × 150 mm, 3 μm); NH2 Shim-pack UC-X NH2 (4.6 × 150 mm, 3 μm); C18 Shim-pack UC-X RP (4.6 × 150 mm, 3 μm); CN Inertsil CN-3 (4.6 × 250 mm, 2 μm). The Inertsil ODS-P (C18, 4.6 × 250 mm, 5 μm) was used for RP-HPLC analysis. The above columns were provided by Shimadzu (Kyoto, Japan) and Shimadzu-GL Sciences (Beijing, China).
Apparatus and conditions of the Nexera UC system
All experiments were performed on a Shimadzu Nexera UC SFE-SFC system (Kyoto, Japan) consisting of a CBM-20A controller, a DGU-20A5 degasser, an LC-30ADSF CO2 pump, two LC-20ADXR modifier pumps, an SIL-30AC autosampler a. The molar mass, wavelength of maximum absorbance, density, melting point and boiling point of the compounds were obtained from SciFinder. (with 5 μL sample loop), a CTO-20AC column oven, an SPD-M20A diode-array detector (with high pressure cell) and two SFC-30A backpressure regulations (BPR). As shown in Fig. 1 , the Nexera UC system can be switched to SFE, SFC and on-line coupled SFE-SFC modes according to changes of the two BPRs. All data were processed by Shimadzu Labsolution Ver. 5.8.6 software. SFE mode. In SFE mode, BPR-A pressure (40 MPa) was much higher than BPR-B. The extracts were extracted by SC-CO2 in an extraction vessel (static extraction). The fresh mobile phase caused the extracts to enter the fraction collector from BPR-B (dynamic extraction) to complete the entire extraction process. SFC mode. In SFC mode, BPR-B pressure (40 MPa) was much higher than BPR-A. Sample solution was injected by autosampler and separated by the column, while the chromatogram was obtained by DAD detector. After the sample had been discharged from BPR-A, it could also couple with mass spectrometer to obtain more structure information of unknown compounds. On-line SFE-SFC mode. In this on-line mode, two BPR pressures were firstly switched to the SFC mode, and samples were subjected to static extraction. In the following dynamic extraction, the BPR-B pressure was switched to be slightly higher than BPR-A. Most of the extract was discharged from BPR-B, and quantitatively trapped at the head of an analytical column as a narrow band. 22 Upon completion of the dynamic extraction, two BPR pressures were switched back to the SFC mode. The trapped analytes were analyzed to complete the online SFE-SFC mode.
In all trials, the herbal sample (50 mg, 120 mesh) was well mixed with Nexera UC extraction dispersant, and then filled into a 5-mL extraction vessel. The purpose of mixing was to improve sample-solvent contact, and to avoid channeling when CO2 flowed through the mixture. 16 In the static extraction of SFE mode, 20% methanol in SC-CO2 was delivered into extraction vessel in 1 min (5 mL/min) at 35 C. The pressures of BPR-A and BPR-B were 15 and 40 MPa, respectively. The static stage was to obtain sufficient extract in 5 min. In the following dynamic extraction, the extract was trapped on the column head by fresh mobile phase (5% methanol in SC-CO2) at 5 mL/min for 2 min, and the pressures of BPR-A and BPR-B were 14.8 and 15 MPa, respectively. Under these system conditions, the ratio of the extracts that distributed to the column was 2.36%.
After the SFE mode, the SFC mode was carried out on a Shim-pack UC-X Diol column (0 -10 min, 5 -10%; 10 -14 min, 10%; 14 -16 min, 10 -40%, 16 -20 min, 40% methanol in CO2, v/v) at 40 C. The flow rate was 2 mL/min, the detection wavelength of UV was set at 210 nm, and the pressure of BPR-A and BPR-B were 15 and 40 MPa, respectively.
Optimization of SFE conditions
In this on-line SFE-SFC system, static extraction was the main process affecting the yield, while the dynamic extraction was to enrich the extract. In order to obtain the optimal SFE extraction efficiency of OA and UA from Chaenomelis Fructus, we investigated the effects of four operating parameters, including the static extraction time (A), temperature (B), modifier concentration (C) and mean particle size (D). A L9 (3 4 ) orthogonal array design was applied to optimize these parameters. The experimental factors and levels are shown in Table 2 . All trials were determined by on-line SFE-SFC and performed in triplicate (n = 3). The data were expressed as "mean ± standard deviation", and SPSS 20.0 variance analysis was used to compare the differences between groups.
Validation of optimized method
The LOD and LOQ were determined by analysis of dilutions of mix standard solution until the signal-to-noise ratio (S/N) was equal to 3 and 10, respectively. The precision of the method was evaluated by the relative standard deviation (RSD) of the peak areas when analyzing the same mixed standard solution for 6 consecutive times. The repeatability were evaluated by the RSD of peak areas when analyzing six parallel samples. The accuracy was evaluated by spiking experiments; three portions of sample were added of different concentrations (high, 4 mg/mL; medium, 3.5 mg/mL; low, 3.0 mg/mL) of the mix standard solution, and then analyzed under above on-line conditions. The estimated concentrations of the mix standard solution were compared with the theoretical concentrations, and the accuracy was expressed as the recovery rate.
Results and Discussion
Optimization of SFC mode
The SFC conditions, including the stationary phase, mobile phase and system parameters, were optimized. First, five columns (Sil, Diol, NH2, C18, CN) were selected to separate mix standards of OA and UA under the above-mentioned conditions in the SFC mode (0 -10 min; 0 -20% methanol in CO2, v/v). We found that OA showed a stronger retention than UA. The retention times of OA in different columns followed the order of Sil > C18 > CN > Diol > NH2, and the order of the chromatographic resolution (Rs) was Diol > C18 > NH2 > Sil > CN. Mixed standards were eluted in 9 min on all five types of columns, and their resolutions on C18 and Diol columns were 1.61 and 1.76, respectively, to meet the baseline separation requirements (Fig. 2) . Since the resolution of sample on the C18 column was sharply declined in the SFE-SFC mode, which may be due to weak retention, the Diol column was chosen to optimize the conditions in the SFC mode.
Secondly, four organic modifiers were compared for the separation of OA and UA, including methanol, ethanol, isopropanol and acetonitrile. The results showed that methanol, ethanol and isopropanol had similar selectivity, and elution ability on the SFC chromatographic behavior. The resolution between OA and UA followed the order of methanol (1.85) > ethanol (1.80) > isopropanol (1.78). However, the compounds could not be eluted within 20 min when acetonitrile was used as a modifier. As we know, modifiers with hydrogen-bond capability character could weaken the hydrogen-bond interaction between the analytes and stationary phase, and thus resulted in weaker retention of the analytes. 24 Methanol was chosen as a modifier, which dissolved standard compounds as well. In addition, we also tried to add 0.1% formic acid into methanol as an additive, but it did not significantly enhance the resolution. Finally, the factors including the flow rate (1.0, 1.5, 2.0, 2.5, 3.0 mL/min), BPR-A pressure (10, 15, 20, 25 MPa) and column temperature (35, 40, 45, 50 C) were optimized (Fig. 3) . For OA and UA, the significantly decreased retention times, capacity factor and chromatographic resolutions were observed as the flow rate and BPR pressure increased. A higher flow rate and backpressure would enhance the density of supercritical fluid (SCF), and thus enhance its eluotropic strength. 25 The higher column temperature could extend the retention times, and generally improve the chromatographic resolution of OA and UA.
20,24
Optimization of SFE mode
The effects of the static time (1, 3, 5, 7, 9 min) were investigated to optimize the SFE process. As shown in Fig. 4A , the extraction yields of OA and UA increased significantly (P <0.05) when the static time increased from 1 to 9 min, as expected. The highest yields of OA and UA were 5.34 and 0.93 mg/g (in dry material). This is because SCF could more sufficiently permeate the material with a longer static time, and to extract target compounds easily. However, a shorter static time facilitates the analysis speed and energy efficiency. 16 Taking them together, the final selection of the extraction time is 5 min.
The influence of the extraction temperature on the yields of OA and UA was evaluated under fixed conditions: static time of 3 min, modifier concentration of 10% and mean particle size of 120 mesh. In Fig. 4B , the extraction temperatures were operated at 35, 40, 45, 50 and 55 C, and the yields of OA and UA were temperature-dependent and significantly increased in the range of 35 -45 C (P <0.05), while the yield were not further improved when the temperature further increased from 45 to 50 C. There were several concurrent factors affecting the extraction efficiency if the temperature rose. The increasing temperature led to a decreased density of SCF, thus subduing the solvent power to dissolve the substances. On the other hand, elevated temperature could increase the SCF diffusivity and the vapor pressure of the solute, which enhanced the solubility and the interaction between extracts and SCF. However, in previous reports, sometimes the SFE extraction yield was consistently correlated with the temperature positively or negatively, 26, 27 and sometimes there was an optimum extraction temperature in SFE, 28 which might be caused by the solubility and the interaction between different solutes and SCF. The optimal column temperature was set at 45 C, since the extraction temperature close to column temperature could reduce the sample solvent effect and minimize the noise signals.
To determine the effect of the modifier concentration on the extraction of OA and UA, the modifier concentrations were studied at 5, 10, 15, 20 and 25% of methanol in SC-CO2 (Fig. 4C) . It was found that the addition of methanol slightly enhanced the yields of OA and UA, and the maximum extraction yield was achieved at 25% methanol. Since SC-CO2 had a polarity similar to n-hexane, pure SC-CO2 was not efficient to extract polar triterpenic acids. The addition of organic modifiers significantly improved the solvation power of pure SC-CO2 to obtain compounds with higher polarity and larger molecular weight. However, the addition of modifiers to SC-CO2 would decrease the density and diffusivity of SCF, which would decrease the interaction between the sample matrix and SCF. The results indicated that the addition of modifiers could increase the extraction efficiency of OA and UA. In view of the resolution on SFC was decreased significantly when excessive proportion modifier used, 15% was selected as the optimum ratio of the modifiers in SFE.
The effect of the material particle size on the yields of OA and UA was investigated at different mean particle sizes (80, 120, 160 and 200 mesh). It was found that the particle size remarkably influenced the extraction efficiency of OA and UA (Fig. 4D) . The extraction yield incipiently increased (P <0.05) when the material particle size was changed from 80 to 160 mesh, but distinctly decreased (P <0.05) when the particle size decreased to 200 mesh. Similar results were given in a previous report, in which the particle size had obvious effects on SFE yield. 29 The small particle size could decrease the diffusion pathway and increase the extraction interfacial area between SCF and the sample matrix. On the contrary, the smaller particle size led to a stronger re-adsorption effect of the solutes, which resulted in a decreased extraction efficiency of triterpenic acids. The optimal particle size was selected at 160 mesh.
Orthogonal screening and analysis
An orthogonal screening test was designed and tested on each factor. The data of nine trials are summarized in Table 3 , and analyzed by SPSS 20.0 to evaluate the effect of each factor on SFE process. The total yield values of factors in different levels were calculated for the range analysis (Table 3 ). It was found that the effect of the factors on the total yields of OA and UA is in the order of A > D > B > C based on the range (R) values. These results indicated that the static extraction time and the particle size were the significant determinants of the OA and UA yields, and the influence of extraction temperature and modifier concentration on the extraction yield was remarkable. The optimal levels of four factors for the OA and UA extraction by SFE were 5 min, 120 mesh, 35 C and 20% modifiers in SC-CO2. Table 4 shows the analysis of variance (ANOVA) of the orthogonal experiments. All four factors had a statistically significant effect on the SFE process with 95% confidence, and the order of the influence factors was consistent with the results of an intuitive analysis. According to the above results of an ANOVA analysis, the optimal SFE method was conducted at a static extraction time of 5 min, an extraction temperature of 35 C, a modifier concentration of 20% and a mean particle size of 120 mesh; 50 mg of sample was extracted with SFE, and the total yield of OA and UA were obtained at 8.67 and 2.12 mg/g, respectively.
Validation of optimal on-line method
The results of the validation are given in Table 5 . LOD and LOQ were determined to be less than or equal to 0.5 and 1.0 μg, respectively. The calibration curves were constructed by plotting the absorption peak area of OA (Y1) and UA (Y2) versus the corresponding injection concentrations (X, μg/mL). The calibration curves were linear (R 2 = 0.9999) in the range of 1.0 -500.0 μg/mL for both OA and UA. For precision and reproducibility, the relative standard deviations (RSDs) of OA and UA peak areas were 0.89 and 0.85% (precision), 2.07 and 2.07% (reproducibility), respectively. The recovery rates of three levels (low, medium and high) of spiked samples were between 96.0 and 104.2%. The data indicated that the established method was sensitive and reliable for the on-line analysis of OA and UA.
Comparison of solvent extraction-RPHPLC and on-line SFE-SFC in determination of OA and UA
The extract was quantified by solvent extraction (SE)-RPHPLC to compare with the results from on-line SFE-SFC method ( Fig. 5 and Table 5 ). An aliquot of 5 μL sample was analyzed on the same Nexera UC instruments. 4 An Inertsil ODS-P column was used for sample separation with an isocratic elution (methanol/water/acetic acid/trimethylamine = 260/40/ 0.1/0.05).
The flow rate was 1.0 mL/min, the column temperature was 17 C and the UV detection wavelength was set at 210 nm. The organic solvent extraction gave yields of 2.87 and 0.68 mg/g for OA and UA, respectively, and separated in 35 min with a resolution of 1.92. While the on-line SFE-SFC method gave extraction yields of 8.67 and 2.12 mg/g for OA and UA in 7 min, and the separation was completed in 20 min with a higher resolution of 2.36 than HPLC. In addition, the LOD and linearity range for OA and UA are achieved at the level of 0.5 and 1.0 -500.0 μg/mL by SFE-SFC, which is superior to the SE-RPHPLC results (4.17 μg/mL for LOD and 20.0 -180.0 μg/mL for linearity range). The RSDs of precision and reproducibility determined by SFE-SFC is higher than SE-RPHPLC. These results may due to the sampling error of the SFE extracted sample in each trials. Therefore, this on-line SFE-SFC method is preferable to simplify the sample pretreatment and analysis of OA and UA from Chaenomelis Fructus, rather than SE-RPHPLC.
Conclusions
In this study, an efficient method for the simultaneously separation and determination of OA and UA in Chaenomelis Fructus by using on-line SFE-SFC was established for the first time. Under the optimized on-line method, the high yields of 8.67 and 2.12 mg/g for OA and UA were determined within 20 min with a favorable resolution of 2.36. The on-line SFE-SFC validation data is also superior to the SE-RPHPLC results. These results showed that this on-line SFE-SFC method provided a promising and efficient tool to analyze the triterpenoid acids in Chaenomelis Fructus. This analytical system is useful for the rapid quality testing of the main ingredients in herbal medicines and the application to further investigation in complex natural products is extensively. 
